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A series of climate simulations using an atmospheric general circulation model shows that maintaining ocean heat
transport at close to present-day values, but with otherwise glacial boundary conditions, leads to an enhanced cooling,
particularly in the tropics. This is in agreement with recent geochemical evidence from fossil corals, ground waters,

and ice. Near-modern ocean heat transport may have been sustained in all ocean basins during the Last Glacial
Maximum in order to balance the formation and export of Glacial North Atlantic Intermediate Water.

Until recently, most palaeoclimate reconstructions for the Last
Glacial Maximum (LGM) indicated an average 8°C cooling over
land and ocean in the middle to high latitudes', up to 6 °C cooling
over land in the tropics'™, and little change in tropical sea surface
temperatures (SSTs)™®. Previous global climate modelling
experiments"®" have been unable to produce the large cooling
over tropical land areas when using generally accepted glacial
boundary conditions and LGM SSTs from CLIMAP”®, indicating
little or no cooling of the tropical ocean. However, new palaeo-
temperature estimates from the Sr/Ca ratio in Barbados corals' and
noble-gas concentrations in fossil ground waters from near sea level
in Brazil” indicate a 5°C tropical ocean cooling, and directly
challenge the CLIMAP LGM SST reconstruction for the tropics.

Rather than specifying fixed CLIMAP LGM SSTs as a boundary
condition in simulations presented here, we have chosen instead to
specify the modern grid-by-grid transport of energy through the
ocean (after a modest correction for lowered glacial sea level) to
simulate LGM SSTs and associated climate conditions. The resulting
simulations indicate that incorporating near-modern ocean heat
transport (OHT), reduced glacial atmospheric CO, levels, large
terrestrial ice sheets, together with feedback mechanisms involving
atmospheric water vapour, clouds, and Southern Hemisphere sea
ice, are sufficient to lower annual-average global surface tempera-
ture by 8 °C and tropical SSTs by 5.5°C.

Ocean heat transport has been estimated previously using the
NASA-GISS 8° X 10° atmospheric general circulation model
(AGCM)*® for both modern and CLIMAP SST distributions and
associated boundary conditions. These OHTs were generated by
diagnosing the grid-by-grid convergence of ocean heat required to
maintain a prescribed SST field and integrating the zonal-average
convergences from south to north'”'®* (Box 1). We have made similar
OHT calculations for a modern climate but with glacial land—sea
distributions (sea level 120 m lower and areas occupied by ice sheets
at the LGM defined as land; Fig. 1) to ensure that our simulations
conserved energy (hereafter, ‘near-modern OHTS’). Although
reduced relative to modern, the near-modern OHTS in the Atlantic
Ocean were consistently greater than OHTs estimated for LGM
climate with CLIMAP SSTs"®"® (Fig. 1). Near-modern OHTs in the
Pacific Ocean although slightly elevated relative to modern, were
not as large as OHTs estimated for LGM climate with CLIMAP
SSTs*™'® (Fig. 1). Global ocean heat convergences (OHCs; Fig. 1)
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associated with the near-modern OHTs, like modern OHCs, are
greater than CLIMAP-inferred values at high northern latitudes
(primarily an Atlantic basin effect); however, in the subtropics
neither the near-modern nor modern OHCs are as large as those
inferred for CLIMAP SSTs (primarily a Pacific basin effect; Fig. 1).

Today’s pattern of OHT is northward throughout the Atlantic,
balancing a southward equator-to-pole transport of ocean heat in
the Pacific and Indian oceans. This general pattern is a consequence
of both the basin-scale, wind-driven circulation (which does not
transport heat poleward of ~45° in any basin) and the large-scale
thermohaline or ‘conveyor’ circulation'*”. A primary feature of the
latter is the cooling and sinking of saline surface waters in the
subpolar North Atlantic to form North Atlantic Deep Water
(NADW). Because this water-mass is largely exported to other
basins (where it upwells and is re-warmed), a compensatory
return flow at or near the surface is required. The continental
positions demand that this be achieved around either or both the
southern tips of South America and Africa, resulting in a northward
transport of heat in both the North and South Atlantic. If the
formation and export of NADW were to cease entirely, there would
be no demand for inter-basin exchange of water and ocean heat, and
a pattern of Atlantic OHT much like that calculated from CLIMAP
SSTs would result (Fig. 1). Early geochemical investigations of the
abyssal circulation ‘determined that the formation of NADW
weakened markedly during the last glaciation® >, consistent with
the pattern of OHTs inferred from CLIMAP SSTs. However, later
investigations have shown clearly that a shallower deep water-mass
formed instead (Glacial North Atlantic Intermediate Water)®*>*,
Recent geochemical box-modelling studies®, and a comparison of
modern and LGM distributions of the **'Pa/**°Th ratio in sediments
(ref. 31) indicate that this water-mass was exported to the Southern
Ocean at rates comparable to the export of NADW today. As this
export would demand an inter-basin exchange of ocean water and
heat more like today’s than the one inferred from CLIMAP SSTs, we
chose to examine the result of maintaining near-modern OHTs
under glacial forcing on LGM climate.

Climate model simulations

We have run climate simulations with the NASA-GISS AGCM!® at
8% X 10° (latitude versus longitude) resolution. We performed a
LGM simulation (LGM-A) using these near-modern OHTs, orbital
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Box 1 Ocean heat convergence and transport calculations"”

Ocean heat convergences and associated transports are calculated
as the amount of energy advected either into or from each grid box by the
ocean that would be required to maintain prescribed SSTs given the
energy contribution to each grid box by the atmosphere. Within the GCM,
the ocean heat convergence for each grid box is the residual amount of
heat necessary to balance the sum of model-provided surface atmo-
spheric energy fluxes:

Ocean heat convergence = net solar radiation + net thermal radiation

+ latent heat flux + sensible heat flux

+ precipitation heat flux

Northward ocean heat transports (OHTs) for each ocean basin are
calculated as the latitudinally integrated sum of ocean heat convergence
for each grid box starting from 90°S and ending at 90°N. The application
of modern OHTs in a modern climate experiment will result in predicted
S8Ts and atmospheric conditions that are nearly identical to the compar-
able experiment with fixed modern SSTs. Likewise, application of
CLIMAP OHTs in an LGM climate experiment will result in predicted
S8Ts and atmospheric conditions that are nearly identical to the compar-
able experiment with fixed CLIMAP SSTs.

forcing® appropriate for 18,000 yr ago, lowered sea level, LGM
terrestrial ice sheets, and modern atmospheric CO, levels. A second
LGM simulation (LGM-B) was run identical to LGM-A except that a
glacial atmospheric CO; level of 200 p.p.m. (ref. 33) was specified.
Both of these simulations were designed to be directly comparable
with a previous NASA-GISS AGCM LGM simulation'' run using
similar glacial boundary conditions, CO; set at the glacial level of
200 p.p.m. (LGM-C), and SSTs fixed from CLIMAP”® with implied
OHT/OHC as a climate forcing that is very different from modern.

The new palaeoclimate simulations, LGM-A and LGM-B, showed
respectively 4.6°C and 8°C reductions in global annual-average
surface air temperature relative to the modern control simulation
(Table 1; Fig. 2). The cooling in both simulations resulted from
global increases in planetary albedo, surface albedo, snow cover,
ocean ice cover, and both total and low-level clouds, as well as
decreases in evaporation over the ocean and in atmospheric water
vapour concentrations (Table 1; Fig. 2). Although the reduction of
CO, in LGM-B contributed only 0.6°C in direct cooling, the
consistently larger feedbacks in this simulation, including a 37%
decrease in atmospheric water vapour, resulted in a global cooling
almost double that simulated in LGM-A. Based on previous energy-
balance diagnostics''”, we estimate that the cumulative effects of
changes in radiative forcing sum to 5.5°C cooling in the global
annual-average surface air temperature for LGM-A and 8.8°C
cooling for LGM-B (Fig. 3a, Table 1). The dominant radiative
cooling was due to reductions in atmospheric water vapour and
high clouds which decreased greenhouse forcing, and increases in
low clouds which raised the planetary albedo. The small discrepan-
cies between the model simulated temperatures (4.6 and 8 °C) and
our estimates for the cumulative effects (5.5 and 8.8°C) can be
attributed to unaccounted for and/or overlapping feedbacks among
the various radiative forcing components.

Within the tropics (16°N to 16°S), LGM-A exhibited a 2.7°C
reduction in annual-average surface air temperature and SST
relative to the modern control run, whereas LGM-B showed a
5.7 °C reduction in air temperature and 5.5°C reduction in SST
(Table 1). We estimate that tropical cooling due to changes in the
vertical distribution and amount of clouds was 2.8°C in LGM-A
and 4.3 °C in LGM-B. The greater cloud-related cooling in LGM-B is
primarily an albedo effect driven by a large (7%) increase in low-

level clouds compared to a smaller increase (3.4%) in LGM-A (Table
1), an expected result in view of previous analyses of the NASA-GISS
AGCM showing that lower SSTs invariably lead to an increase in low
clouds™. Atmospheric water vapour within the tropics decreased by
23% in LGM-A and 35% in LGM-B, contributing 1.9°C and 3.8 °C
of cooling, respectively. From energy-balance diagnostics for the
tropics'"*, we estimate that the cumulative effects of changes in the
radiative forcing sum to 2.5 °C cooling in annual-average surface air
temperature for LGM-A and 7.3°C cooling for LGM-B (Table 1,
Fig. 3b). Whereas most feedbacks contribute to tropical cooling,
reductions in the atmospheric flux of static energy out of the tropics,
and orbitally forced changes in insolation each contributed some
warming to the tropics in both LGM-A and LGM-B (Table 1).

Compared to the previous NASA-GISS LGM simulation using
fixed SSTs from CLIMAP”® and CO, set at glacial levels (LGM-C)",
LGM-A and B exhibit much greater cooling (Table 1). All of these
LGM experiments exhibit significant increases in global planetary
albedo primarily associated with large terrestrial ice sheets and
expansion of Southern Hemisphere sea ice; however, increases in the
planetary albedo in LGM-C were not as large as those in LGM-A and
B, reflecting differences in the amount of low-cloud cover and sea-
ice cover. The zonal averages of surface air temperature anomalies
(Fig. 2) show significantly lower temperatures at all latitudes in
LGM-B, whereas the coolings in LGM-A and -C are concentrated in
the high latitudes. Evaporation over the ocean in the subtropics is
decreased in both LGM-A and B, whereas evaporation is increased
or near-modern in LGM-C in response to significantly warmer
subtropical SSTs reconstructed by CLIMAP”* (Fig. 2). Within the
tropics, zonal-average surface air temperatures in LGM-A and B
were 1.1 and 4.1°C lower, respectively, than in the fixed-SST
experiment, LGM-C. Atmospheric water vapour in LGM-A and
-B decreased by 22% and 37% globally, respectively, in contrast with
only a 12% decrease in experiment LGM-C.

Zonal-average tropical SSTs in the near-modern OHT experi-
ments are 1.4°C (LGM-A) and 4.2 °C (LGM-B) lower than in the
control experiment, in contrast to the 1.2 °C cooling reconstructed
by CLIMAP (Table 1). On the other hand, maintaining near-
modern OHTs result in LGM SSTs that are 4.1 °C (LGM-A) and
2.9°C (LGM-B) higher than reconstructed by CLIMAP for the
high-latitude North Atlantic (39° to 70° N). However, much of this
discrepancy is in the 47° to 55° N latitude band, where SSTs for the
different LGM simulations vary between extremes of 6.7 °C and
0.2°C. Such low temperatures are generally acknowledged to be
outside the sensitivity range of SST estimation techniques employed
by CLIMAP (that is, =<5°C)*. The annual-average, global sea-ice
coverage increased, relative to modern, by 1.6% in LGM-A and 5.5%
in LGM-B, whereas, based on the CLIMAP reconstruction, a 4%
increase in global sea ice was prescribed in LGM-C. The increase in
global sea-ice coverage in LGM-B is dominated by the expansion of
Southern Hemisphere sea ice in summer. Comparisons of the zonal-
annual averages show LGM-B produced significantly greater South-
ern Hemisphere sea-ice coverage than reconstructed by CLIMAP,
whereas LGM-A produced less (Fig. 2). In the northern North
Atlantic, sea-ice cover in LGM-A and in LGM-B was reduced relative
to the CLIMAP reconstruction in the central portion of the basin
reflecting the greater northern penetration of ocean heat, while
approximately the same amount of sea ice was simulated off the
coasts of North America and Europe. The locally elevated OHC also
resulted in slightly warmer temperatures for North Hemisphere
subsurface sea ice between 39° and 70° N, around — 4 °C for LGM-A
and B versus almost — 5°C in LGM-C with CLIMAP SSTs. The
newly simulated sea-ice distributions (LGM-A and -B) are similar to
the reconstructed sea surface salinity field for the LGM North
Atlantic, showing high salinities (little or no seasonal sea-ice
cover) penetrating north to Iceland in the central portion of the
basin”.

The dominant feedback contributing to greater cooling in
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Figure 1 Model-generated annual ocean heattransports (OHTs) and ocean heat
convergences {OHCs). Latitudinal zonal averages are shown for the globe, and
for the Atlantic and Pacific oceans. The results of three simulations are shown;
the modern-climate control experiment (solid black line*); the LGM experiment
with CLIMAP SSTs (line with filled circles); and the ‘near-modern’ climate experi-
ment with LGM land-sea distribution {line with open diamonds).

LGM-A and B than in LGM-C was changes in evaporation over the
Pacific ocean in the subtropics, an area that today is a significant
source of heat and water vapour for the atmosphere™. Within LGM-
C, the sharp gradient of CLIMAP LGM SSTs between the subtropics
and the middle-to-high latitudes of the Pacific resulted in high
OHQC:s in the subtropics relative to those associated with modern
SST distributions (Fig. 1). Evaporation rates therefore increased in
the subtropics in order to balance the increased convergence of
ocean heat. The increase in evaporation over the north and south
subtropical Pacific in LGM-C was sufficient to compensate for
decreases elsewhere, moderating any changes in global atmospheric
water content in response to cooler glacial conditions. In contrast,
amongst otherwise glacial boundary conditions, the near-modern
subtropical OHCs in LGM-A and B result in a decrease in evapora-
tion throughout the subtropics relative to modern, and an even
larger decrease relative to LGM-C. The reduction in the subtropics
as a source of water vapour for the global atmosphere was amplified
in the tropics by a decrease in Hadley circulation in response to
lower temperature gradients, which reduced the equatorward flux
of water vapour. The combined effects of maintaining near-modern
subtropical OHCs (a reduction in OHC relative to CLIMAP), a
reduction in atmospheric water vapour, glacial atmospheric CO,
level, LGM ice sheets, enhanced heat storage in sea ice, and changes
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Figure 2 Latitudinal zonal-mean anomalies (experiment minus control) between
the modern control climate and the simulated LGM climate: LGM-A (line with
open boxes), LGM-B (line with diamonds}, and LGM-C (line with filled circles).

in the vertical distribution of clouds are sufficient to have cooled the
Earth by 8 °C, and the tropics by 5.5°C.

In comparison with the 5°C LGM cooling reconstructed from
Barbados corals'* and noble gases in fossil ground waters from
Brazil"’, LGM-B simulated conditions 4.8 °C colder at Barbados and
5.7 °C colder in northeastern Brazil. In contrast, LGM SSTs recon-
structed by CLIMAP were less than 2°C lower than present for
Barbados and associated surface air temperatures (experiment
LGM-C) were 2.6 °C lower than present for northeastern Brazil.
Recent oxygen isotopic measurements in ice cores suggest an 8—
12°C cooling of annual-mean air temperature during the LGM at
6,048 m above sea level in northern central Peru”. The simulated
cooling at 6,000 m and 8° Swas 5.7 °C in LGM-A and 9.3 °C in LGM-
B, but only a 2.1 °C cooling was simulated at this location in LGM-
C. The annual-average 0°C isotherm in the tropics dropped by
nearly 700 m to ~4,100 m above sea level in LGM-A and by 1,300 m
to ~3,500m above sea level in LGM-B, bracketing the observed
LGM snowline depression of 900-1,000m (ref. 6). In contrast,
LGM-C simulated less than a 350-m descent in the 0 °C isotherm in
the tropics. The improved match between the palacoclimate data
and the simulated tropical surface air temperatures throughout the
lower troposphere of LGM-A, and especially LGM-B, indicate that
glacial boundary conditions combined with near-modern OHTs are
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Table 1 Global and tropical mean annual anomalies for climate model variables

Variable LGM-A LGM-B LGM-C
Global Tropics Global Tropics Global Tropics
CO, change (p.p.m.) 0.0 0.0 15 115 115 115
(-08) (-08) (-0.6) (—0.6}
Solar irradiance (Wm ~2) -010 0.75 -010 0.75 .00 0.00
(0.75) (0.75) (0.0)
Surface air temperature (°C) —4.62 —2.68 —8.06 —5.68 -872 — 165
(—5.5) (—25) (—88) (=73) (—4.4) (—33)
Sea surface temperature (°C) -132 - 268 —3.49 - 5.53 -237 - 125
Ground albedo 4.04 0.25 6.15 0.25 410 0.00
{—186) (-0.2) (—24) (—02) {—16) {0.0)
Land surface albedo 7.29 0.50 795 0.50 6.30 0.00
Snow cover (%) 7.00 11.20 8.20
Ocean ice cover (%} 1.6 5.60 410
Total cloud cover (%) 0.60 -0.88 1.30 -0.38 0.10 5.85
(—1.4) (—-28) (—18) (—-4.3) {-0.7) (-2.0)
Low cloud cover (%) 2.30 3.40 4.00 708 150 1.30
High cloud cover (%) - 150 -6.08 -2.30 -6.25 ~0.90 - 3.00
Planetary albedo 2.32 1.75 3.65 3.50 210 0.75
Atmospheric water vapour —~4.80 -6.00 —8.60 —12.25 -3.00 -350
(mm) (—2.5) (=19) (=40 (=38) (=15) (—0.8)
Net radiation at the surface -65 —-6.50 - 17 —12.75 -57 -3.75
(Wm ?)
Sensible heat flux (Wm~2) -11 -0.50 - 31 - 250 -12 0.25
Latent heat flux (Wm~2) 79 2.75 148 11.50 3.3 2.60
Static energy flux out of tropics 12.0 6.0 - 10
(10"Wm~2) (1.7) {0.85) (-015)
Precipitation {(mmd~") -0.27 -0.23 - 051 -0.58 -0on —0.05
Soil moisture (mm) .00 2.00 3.00 2.25 0.00 2.50

These anomalies are for experiment minus control run. Estimated radiative contributions to temperature change are shown in parentheses. See text for explanation of experiment names.

not only an effective way to cool tropical SSTs, but also permits the
model to simulate a reduction in temperature aloft without extreme
changes in lapse rates.

OHTs and climate sensitivity

Our results indicate that the new cooler tropical LGM temperatures
inferred from coral material and noble gases in fossil ground waters
could have resulted from the combined effects of forcing by glacial
boundary conditions and of OHTs maintained at near-modern
levels during the LGM. In this scenario, high rates of intermediate
water formation in the North Atlantic would have been balanced by
near-modern transports of ocean heat in the Pacific and Indian
basins. Previous climate model simulations have sown that the
direct effect of the ice sheets is restricted to a relatively large cooling
in northern middle-to-high latitudes®, whereas modest cooling in
low latitudes occurs primarily in response to an overall decrease in
atmospheric greenhouse capacity”® ™. In contrast to either the
modern climate or our LGM simulations with near-modern
OHTs, the previous simulations using CLIMAP LGM SSTs included
an implicit increase of OHTs and OHCs as a significant climate
forcing mechanism in both the northern and southern subtropical
Pacific (Fig. 1) that limits the extent of glacial cooling. Our new
simulations indicate that maintaining near-modern OHTs under
glacial conditions leads to enhanced global cooling resulting from
reductions in evaporation over the subtropical ocean which lead to
decreases in global atmospheric water vapour. This cooling
mechanism is significantly amplified in response to the effects of
reduced levels of CO, with greater feedbacks involving atmospheric
water vapour, Southern Hemisphere sea-ice growth, and cloud
cover changes. The version of the NASA-GISS model used in this

study has previously been shown to display enhanced tropical
sensitivity related to the explicit representation of cloud generation,
penetrative convection and aspects of the hydrological cycle’;
however, we do not believe that this enhanced tropical sensitivity
is the primary explanation for our LGM modelling results. The
primary feedback driving enhanced cooling under glacial boundary
conditions in these experiments is a change in evaporation con-
trolled by maintaining near-modern OHCs in the subtropical
Pacific with high- and low-latitude feedback mechanisms playing
less dominant roles. The importance of this feedback mechanism in
our simulations highlights the need to re-evaluate CLIMAP LGM
SST reconstructions in the Pacific, with special attention to the
temperature gradient marking the transition between subtropical
and subpolar waters.

Our simulations provide a mechanism to cool the tropics by 5—
6 °C in accordance with the growing body of new evidence for colder
LGM tropical temperatures''>*. The associated amplified global
cooling at the LGM displayed in experiment LGM-B also may have
implications for the potential magnitude and distribution of
anthropogenic climate change. The simulated 8°C cooling of
global temperature in LGM-B implies a much greater climate
sensitivity (>1°CW ™ 'm~?) to a total glacial forcing of
7.1Wm™? (ref. 42) than previous estimates (0.5°CW ~'m~? for
a 3.7°C cooling", 0.7°CW ~'m~? for a 5°C cooling®). Current
IPCC assessments® conclude that ‘the sensitivity of global mean
surface air temperature to doubling CO, (4 W/ m? radiative forcing)
is unlikely to lie outside the range 1.5 to 4.5 °C’, with a best estimate
of 2.5°C (ref. 43), and an implied 0.6°CW ~'m~? climate sensi-
tivity. Although climate sensitivity may not be symmetric for
warming and cooling, from a cold-climate perspective a

NATURE| VOL 385120 FEBRUARY 1997




a
Global
-8
o
<
2
5 -5
2
g
h=
C -4
o
2
=
=
g
& 24
0
LGM- A LGM-B LGM-C
Tropics Solar iradiance
-8 4 Static energy flux
6 out of tropics
95” K Atmospheric water
£ -6 vapour
g Total cloud cover
T KNy o B Surface albedo
-% -4 B Carbon dioxide
° e —
S R AN
2 =24
=
=]
g AVAVAVAVANANANY
3 1 BARAAAAA
R s B vty
24

LGM-C

Figure 3 Contributions to the global (a) and the tropical (b) mean temperature
reduction between the modern control climate and simulated LGM climate.
Values shown are for the approximate contribution of each component with
negative values indicating cooling and positive numbers indicating warming (for
example, changes of solar irradiance and static energy flux out of the tropics, as
shown in b, contribute some warming in LGM-A and B).

1°CW ™ 'm ™2 climate sensitivity to a 4Wm ™’ radiative forcing
may be more appropriate than suggested by IPCC (leading to 4°C
warming), and suggests that inferred climate sensitivity for
increased CO; under conditions of global warming may be higher
than IPCC ‘best’ estimates®, While debate persists on the role and
sensitivity of both the tropics and the ocean in future climate change
scenarios, our results suggest that under LGM boundary conditions,
maintaining near-modern patterns of energy transport from the
tropics to high latitudes through the ocean leads to enhanced
subtropical and tropical cooling, and cools the Earth. The
evidence®*'>* and possible mechanism for tropical cooling
described in this Article undercut arguments that tropical SSTs
have changed little throughout the Cenozoic era** and that such
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stability will persist in the future®>. We recognize that these results
could be model-dependent and may reflect how processes are
parametrized in the GISS AGCM in comparison to other AGCMs
or more complicated coupled ocean—atmosphere—ice sheet models.
However, if the coral SSTs and groundwater reconstructions for the
LGM temperature are correct, then the 7.1 Wm ™ ? (ref. 42) glacial
forcing requires a climate sensitivity of the order of that shown in
our GISS AGCM simulations. O
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